C hronic inflammation is regarded as an important factor in cancer progression. In addition to the immune surveillance function in the early stage of tumorigenesis, inflammation is also known as one of the hallmarks of cancer and can supply the tumor microenvironment with bioactive molecules and favor the development of other hallmarks of cancer, such as genetic instability and angiogenesis. Moreover, inflammation contributes to the changing tumor microenvironment by altering stromal cell turnover rates and polarizing immune cell immunosuppressive capabilities. 1 In addition, many tumor suppressor genes have been reported to be involved in inflammation modulation. 2 However, the types of molecules and the underlying mechanisms involved in inflammation-associated cancer need to be further investigated, which may provide new targets for the control of cancer.
Recognition of danger-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) is the key step that modulates inflammation. Five major PRR families have been reported to be involved in tumorigenesis, including the Tolllike receptors (TLRs), C-type lectin receptors (CLRs), RIG-I-like receptors (RLRs), absent-inmelanoma (AIM)-like receptors (ALRs) and the nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs). TLRs and CLRs are located in the plasma membranes, whereas RLRs, ALRs and NLRs are intracellular PRRs. 3 Unlike other families that have been shown to bind their specific cognate ligands, the distinct ligands for NLRs are still unknown. In fact, mounting evidence suggests that NLRs function as cytoplasmic sensors and participate in modulating TLR, RLR and CLR signaling pathways. 4 NLRs can sense stimulatory signals from pathogens, host cells and environmental sources, although the interaction patterns are still unclear. 3 Importantly, dysfunction of NLRs leads to various inflammatory diseases, autoimmune diseases and inflammation-associated carcinogenesis. 5 Given the vital roles of NLRs in inflammation and disease progression, research is now focused on elucidating their roles in the pathogenesis of diseases such as cancer, with the aim of finding new therapeutic targets.
NLRs contain three conserved functional domains: a C-terminal leucine-rich repeat for ligand recognition, a central NACHT domain essential for oligomerization and an N-terminal protein-protein interaction domain. According to the types of N-terminal domains, mammalian NLRs are classified into NLRA, NLRB, NLRC and NLRP subfamilies with acidic transactivation domains, baculoviral inhibitory repeat (BIR)-like domains, caspase recruitment domains and pyrin domains. 4, 6 Since the first NLR was discovered in early 2000, 7 at least 23 distinct NLR and NLR-like proteins have been identified in humans. 4 NLRs, including NLRP1, NLRP3, NLRP6, NLPR7, NLRP12, NLRC4 and NAIP, can function in an inflammasome-dependent manner to produce interleukin-1β (IL-1β), IL-18 and caspase-1, thus inducing inflammation and regulating cell pyroptosis. By contrast, other NLRs such NLRP10, NOD1, NOD2, NLRC3, NLRC5, NLRX1 and CIITA function independent of the inflammasome and can regulate NF-κB and MAPK pathways or act as transcriptional regulators. 6 Interestingly, the functional patterns of NLRs are not fixed. Recently, NLRP3 has been reported to regulate STAT5 and IL-2, 8 and NAIP was found to regulate the STAT3 pathway independent of inflammasome formation. 9 The AOM/DSS model is the most popular model used to study the function of NLRs in inflammation-associated carcinogenesis. Inflammasomes initiated by NLRs or AIM2 have been widely reported to participate in the maintenance of intestinal homeostasis. 10, 11 Nlrp3-/-, Nlrp6-/-, Nlrc4-/-, Nlrp1-/-, Nlrx1-/-and Nlrp12-/-mice are more susceptible to AOM/DSS-induced colorectal cancer than wild-type (WT) mice. 11 Loss of IL-18 may partially account for the enhanced tumorigenesis in the abovementioned mice. IL-18 production is mainly regulated by inflammasomes and can stimulate regeneration and repair in the colon. 4 Molecules that can regulate the functions of the inflammasome are currently gaining attention and are potential beneficial treatments for inflammasome-associated disorders. 12 Moreover, deficiency of NLRX1, NOD1 or NOD2, which are non-inflammasome NLRs, results in increased susceptibility to colorectal cancer. NLRX1 sensitizes cells to apoptotic cell death in response to DSS treatment and promotes epithelial proliferation. NLRX1 is a negative regulator of AKT and NF-κB. NOD1 participates in the maintenance of the intestinal epithelial barrier permeability and balances inflammatory responses under AOM/DSS stimulation, whereas NOD2 regulates apoptosis and the NF-κB and MAPK signaling pathways. 11 The functions of other non-inflammasome NLRs in inflammation-associated carcinogenesis are unknown. Recently, Dr. Rajendra Karki's research group published a paper in Nature that described the function of a poorly researched noninflammasome-forming NLR, NLRC3, in colitisassociated carcinogenesis. 13 NLRC3 was first identified in 2005 and found to be highly expressed in T lymphocytes. NLRC3 has been reported to suppress the signaling pathways involved in T cell activation by influencing the transcription factors NF-κB, NFAT and AP1. 14 When stimulated by virus infection, NLRC3 negatively regulates the STING pathway in bone marrow-derived macrophages by directly associating with STING and blocking STING traffic- king to puncta, thus inhibiting interferon-β expression. 15 Reports on the functions of NLRC3 in carcinogenesis are rare. Karki et al. 13 demonstrated that NLRC3 expression is significantly reduced in colorectal cancer tissues in mice; then, the authors established Nlrc3-/-mice and treated them with AOM/DSS. As expected, the Nlrc3-/-mice were more susceptible to the induction of colorectal cancer and exhibited greater weight loss, more tumor nodules, larger tumor sizes and higher histological scores. These findings indicate that NLRC3 acts as a suppressor in the development of colorectal cancer.
Establishment of an inflammatory state is crucial for colitis-associated carcinogenesis. 16 To assess the inflammatory state of the Nlrc3-/-mice treated with AOM/DSS, Karki et al. 13 examined the expression of inflammatory cytokines, inflammatory signaling pathways and immune cell infiltration in colon tissues at days 80 and 14, which was 3 days after the first round of DSS treatment. There were no significant differences at day 80 between the Nlrc3-/-mice and WT mice. At day 14, proinflammatory cytokines, including IL-1β, IL-6, tumor necrosis factor, granulocyte colony stimulating factor, chemokine (C-X-C motif) ligand 1, monocyte chemoattractant protein 1 and macrophage inflammatory protein 1α, were greatly increased in the Nlrc3-/-mice, whereas IL-18 remained unchanged. The NF-κB and STAT3 signaling pathways were activated at day 14, whereas the ERK signal pathway was unaltered. The number of innate immune cells, including macrophages, neutrophils and natural killer cells, increased, whereas the numbers of B cells and T cells remained unchanged, and the number of dendritic cells decreased. These data demonstrate the hyper-inflammatory state of the Nlrc3-/-mice when treated with AOM/DSS, which possibly accounts for the hypersensitivity to carcinogenesis. Next, to further determine whether bone marrowderived hematopoietic cells or stromal cells play a dominant role in the carcinogenesis of the Nlrc3-/-mice, Karki et al. 13 established bone marrow chimeras and found that radioresistant stromal cells were more important than hematopoietic cells during carcinogenesis, because cancer progression was faster in Nlrc3-/-mice that received bone marrow from WT mice than in WT mice that received bone marrow from Nlrc3-/-mice. The results from conditional knockout mice further indicated that Nlrc3-/-intestinal epithelial cells were critical during carcinogenesis. Immunohistochemical assessment of PCNA and Ki67 in colon tissues and an in vitro culture of colonic epithelial stem cells both demonstrated the high proliferation ability of colon epithelial cells when Nlrc3 was conditionally knocked out. Then, Karki et al. 13 found that the PI3K/mTOR pathway was aberrantly activated in the Nlrc3-/-epithelial cells. Activation of the PI3K/mTOR pathway has been shown to occur on day 8 in this model, which is prior to the increase in inflammatory cytokines and immune cells. Coimmunoprecipitation experiments showed that NLRC3 could bind to PI3K to reduce the activity of p85 and disrupt the association between the PI3K p85 and p110α subunits. All three domains of Figure 1 Functions of NLRs in inflammation-associated carcinogenesis. Under sustained stimulation from pathogens, host cells or environmental sources, NLRs sense the intracellular changes caused by infiltrating extracellular molecules or activation of the downstream pathways of other PRRs and work to preserve cytosolic sanctity. NLRs function by associating with other proteins and through many interacting adaptors; however, details are still unclear. NLRs can form inflammasomes to release IL-18 and IL-1β, which are proinflammatory cytokines and related to repair and regeneration. In addition, NLRs can regulate NF-κB, STAT3, MAPK, and AKT signaling pathways in an inflammasomeindependent manner. Overwhelming sustained stimulation will dysregulate the expression of NLRs, which have unknown mechanisms. Karki et al. 13 recently reported that NLRC3 is downregulated in AOM/DSS-induced colorectal tumor tissue, and the ability of NLRC3 to associate with PI3K and inhibit PI3K/mTOR is impaired, which results in aberrant proliferation of intestinal epithelial cells. Dysregulated NLRs will boost inflammation by promoting the production of pro-inflammatory cytokines and chemokines and then influence the function of epithelial cells and immune cells, which favors a pro-tumor environment. DAMP, danger-associated molecular pattern; IL-18, interleukin-18; MDSC, myeloid-derived suppressing cell; NLR, nucleotide-binding and oligomerization domain-like receptor; PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; TADC, tumorassociated dendritic cell; TAM, tumor-associated macrophage; TLR, Toll-like receptor.
NLRC3 were shown to participate in this interaction. These results indicate that NLRC3 protects epithelial cells from aberrant proliferation by interacting with the PI3K/mTOR pathway and reducing the role of inflammation in colonic carcinogenesis.
The study by Karki et al. 13 illustrates an essential protective role of NLRC3 in colonic epithelial cells during colitis-induced colorectal carcinogenesis and expands our understanding of functional mechanisms of NLRC3 (Figure 1) . A recent paper published in the Journal of Experimental Medicine has revealed that another NLR member, NLR family apoptosis inhibitory proteins (NAIPs), protects the colonic epithelium against tumorigenesis. Unlike NLRC3, NAIP knockout mice exhibit a decreased inflammatory response despite the increased colorectal carcinogenesis. NAIP knockout mice exhibit activation of the STAT3 pathway and increased anti-apoptotic and proliferation-related gene expression in the colonic epithelial cells. Interestingly, NAIPs regulate the STAT3 pathway in an inflammasome-independent manner, which is inconsistent with the traditional view that NAIPs form an inflammasome with NLRC4. 9 In addition, NLRP6 has also been found to be expressed in colonic epithelial cells and can assist in protecting epithelial cells in an inflammasome-dependent manner. Aberrant NLRP6 inflammasomes have been demonstrated to induce altered microbiota and boost tumorigenesis. 17 These studies indicate the critical roles of NLRs in regulating epithelial cells during inflammation-associated carcinogenesis and reveal the different regulatory patterns of the various NLRs co-existing in a distinct cell type. However, it is unknown whether the functions of these NLRs are redundant, or whether they are differently stimulated by different ligands under various disease contexts. Additional studies are needed to address these questions.
The findings of Karki et al. 13 revealed the importance of the cellular location of the NLRs. As we know, the tumor microenvironment consists of multiple cell types. NLRs in different cell types will exert different functions. For instance, NLRP3 plays a multi-faceted role in carcinogenesis and is not restricted by cell type. The NLRP3 inflammasome is implicated in T-cell priming, MDSC accumulation and cancer cell invasion. 11 NLRP3 derived from the hematopoietic compartment, rather than from the intestinal epithelial cells or stromal cells, is responsible for protecting against increased colonic inflammation and tumorigenesis. In the context of acute colitis induced by DSS, NLRP3 expression in the non-hematopoietic compartment appears to be more important. 18 Furthermore, different NLRs may possess different cell type preferences. NOD1 is ubiquitously expressed, whereas NOD2 is highly expressed in hematopoietic cells. 19 NLRC3 is highly expressed in T cells but also functions in epithelial cells, and the role of NLRC3 in immune cells still needs to be explored. Different NLRs can interact with each other or regulate the same or similar signaling pathways. NLRP12, NLRP6, NLRP2 and NLRP4 can inhibit the NF-κB pathway, whereas NOD1 and NOD2 promote the NF-κB pathway. 3 Although the knowledge of the sensing and regulatory mechanisms of NLRs has expanded in the most recent decade, [20] [21] [22] the direct interaction of NLRs with other proteins or ligands has not been extensively investigated. The study of Karki et al. 13 is a good first step toward characterizing these interactions. Regarding the complex and sophisticated tumor-host communication, the inflammatory regulatory mechanism in tumorassociated immune cells and stromal cells may be different from those in acute infection mediated by viruses and bacteria. More efforts are needed to determine the function of NLRs in tumorassociated immune cells, stromal cells and cancer cells. The functions of the NLRs in different stages of inflammation-associated carcinogenesis have been further characterized by more investigations. In addition to the AOM/DSS model, which imitates ulcerative colitis-associated colorectal cancer, other inflammation-associated carcinogenesis should also be investigated, such as hepatitis-related hepatocellular carcinoma. Exploring the interplay between NLRs or between other PRRs under different contexts will provide insight into the functional network in cancer. Resolution of these conflicting findings will help reveal the role of NLR members in inflammation-associated carcinogenesis and identify new cancer therapeutic targets.
